I. INTRODUCTION
Laser cooling of "two-level" atoms in the low-lightintensity regime known as Doppler cooling, is now well understood [1, 2] . In this case, atoms move in light waves whose frequencies are tuned below the resonance frequency of an atomic transition and whose intensities are less than or near the saturation intensity of the transition. Theory accurately describes the dynamics of atomic motion for these conditions, and ultimate cooling temperatures can be precisely predicted [1, 2] . In the case of a two-level atom moving in an intense standing wave, for which the light intensity is much greater than the saturation intensity of the cooling transition, the force on the atom is dominated by several fundamentally different physical mechanisms depending on the velocity of the atom and the intensity of the field [3] . Figure 1 shows the results of a calculation of the force on the atom averaged over the time for an atom to travel one optical wavelength, as a function of atomic momentum. It is assumed that the atom interacts with the field for a long time compared to the spontaneous emission lifetime of the excited state. This calculation employs a continuedfraction method to obtain the steady-state solution of the optical Bloch equations [4, 5] . The parameters for the results shown in Fig. 1 are for an on-resonance Rabi frequency Q0=50y and a detuning 6=+5@,where fiQO is the interaction energy of the atom with the field at an antinode, y is the spontaneous decay rate of the excited state, and 6 = coL -coo (coL is the laser frequency and coo is the atomic resonance frequency). The force on a slowly moving atom is due to the interaction of the induced atomic dipole moment with the spatial gradient of the field [3 -7] . This "dipole force" is negative (i.e. , cooling)
for blue detuning (i.e. , b, )0), and for atomic momentum smaller than a "critical momentum" p"as shown in Fig. 1. For the parameters used for Fig. 1 , p, =254k. The structure appearing at atomic momenta p ) p, is due to velocity-resonant, multiphoton
"doppleron" resonances [8, 9] . The doppleron resonances can be thought of as multiphoton Doppler cooling events involving 2n + 1 photons (n =0, 1,2, . . . ). The force due to the dopplerons is heating for blue detuning.
Since the dipole force does not saturate at high intensity, it is potentially more efficient for slowing atoms than Doppler cooling, which does saturate [10 -13] . However, the dipole force can have large fiuctuations [3,5 -7] .
These fluctuations, which lead to momentum diffusion, are predominately caused by the randomness in the direc- resonance is 6=+5y, where y is the radiative-decay lifetime.
The force is given in units of the maximum of the one-photon Doppler force Sky/2, and the momentum in units of the photon momentum Ak. In this case, the dipole force is negative (i.e. , cooling) for blue detuning (i.e. , 6)0), and for atomic momentum smaller than a "critical momentum" p, (254k). The structure appearing at momenta higher than p, is due to the velocity-resonant, multiphoton "doppleron" resonances. [17] .Localization of atoms in the optical potential wells of a standing wave was observed [18] and recently exploited to cool atoms adiabatically [19] .
Various theoretical methods have been used to describe the evolution of atomic motion for t ))~. One of the first of these methods used the Fokker-Planck equation (FPE) for the Wigner distribution [2] . However, since the FPE treats the motion of the atom classically it is not valid for p-irtk (photon momentum). In addition, the usual approach is to average over the spatial variation of the atom's kinetic energy in the standing wave, so atom channeling (see Sec. IV) is not accounted for. A dressedstate Monte Carlo method, similar to that used in this paper, was developed by Dalibard et al. , which is appropriate for p &p, [20] . Although this method also treats the atomic motion classically, it accounts for atom channeling and, as will be shown below, this method accurately models the atomic motional dynamics in a regime where the FPE approach fails. The "momentum family" approach developed by Castin the eigenenergies are obtained [7] Ei"(z) = +(n + ic motion classically, the corresponding eigen vectors (dressed states) are [7] l, n ) =e'~' cosg~e, n )+e '" 'singing, n +1),
For an atom in a one-dimensional, larger than~. This average over the quantum unit Rk of momentum exchange between the atom and field is consistent with the treatment of diffusion given in Refs. [6] and [7] . The momentum diffusion due to spontaneous emission is much smaller than that due to the Auctuations of the dipole force for a high-intensi. ty field and are ignored in this paper.
A Monte Carlo method can be used to simulate momentum diffusion in the dressed-atom picture. Consider an atom in a dressed state initially moving with velocity U. In between two spontaneous emissions, the density-matrix elements are given by the time integration of Eq. (4) , and the atomic motion is determined by the instantaneous force given by Eq. (5 t =40', and (c) t =320~. As b, increases from 5y to 9y, R is reduced, so that the rate of the momentum diffusion decreases. However, the maximum dipole force changes little, while p, is nearly doubled. Consequently, the force is able to slow the rate of diffusive loss at larger momenta, where the rate of momentum diffusion is smaller. The data and simulation results for 6 = -2y and t =320' are shown in Fig. 9(a) In these regions, the stimulated excitation rate is very small. There are slight discrepancies between the data and simulations that are Interestingly, the distribution in Fig. 6 first becomes broader at t =40~, and then narrower at t =320~. As the ground-state atoms initially enter the standing wave, they will experience a sudden rise in their internal potential energy whose magnitude depends on whether they evolve into either dressed state~l, n ) or~2, n ) [the probability for each can be derived from Eq. (3)]. The potentialenergy functions U&(z) and Uz(z), corresponding to thẽ 1,n ) and~2, n ) states, respectively, can be derived from the total energies E&"and E~"[Eq. (2) 
B. The dynamics of atom channeling
For b, & 0, an atom in the~1,n ) state slowly moving in a standing wave can be confined to, or channeled in, the nodes of the standing wave, while for 6 & 0, an atom in the~2, n ) state can be channeled around the antinodes if, in either case, the maximum kinetic energy of the atom (p /2M) is less than the potential depth U [18 -20,25] . Figure 10 shows the result of a dressed- Fig. 7 . The two peaks around +64k correspond to the rms momentum of an atom channeled in the n =0 level.
The fraction of channeled atoms (squares) as a function of t is shown in Fig. 11 It is evident that the narrowing of the distribution shown in Fig. 7 is a consequence of the increase in the number of Eq. (10). After many independent simulations, corresponding to many atoms, the desired momentum distribution is produced, with some statistical uncertainty.
The FPE approach is not applicable in the regime where p -Ak, since the atomic motion must be described quantum mechanically in this case. In addition, the spatially averaged F and B fail to account for the change in the atoms kinetic energy as they move between potential hill and valley. Therefore, this method should be most inaccurate for atoms with small p, for whose kinetic energy is comparable to U . In Fig. 9(b) , the steady-state solution of the FPE [5] (lighter line) for 6= -2y is compared with the data (bold line) for t = 320&. The discrepancy is large because a large fraction of the atoms have relatively small momenta.
However, reasonably good agreement is found for large red detuning as shown in Fig. 12(b) for b, = -10@, since most of the atoms have relatively large momenta. 
